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AN ANALYSIS OF 3-DIMENSIONAL MAGNETIC F I E F  DISTRIBUTIONS 
I N  A SMALL-SIZED  SYNCHRONOUS MOTOR WITH A PERMANENT  MAGNET ROTOR 
T. Misaki  and H. Tsuboi 
Abstract  - This  paper  describes  an  analysis  of 3- 
d imens iona l   magne t i c   f i e ld   d i s t r ibu t ions   i n   a  small- 
sized synchronous motor with a permanent magnet rotor 
and a s imulat ion  of  the rotor   behavior .  Here, t h e  
concept  of a surface  magnetic  harge is introduced, 
and  then  the  magnet ic  f ie ld  d is t r ibu t ions  are computed 
by us ing  the  in tegra l  equat ion  method. Next, the rotor 
displacement i s  computed by  using Newmark's f3- 
parameter method. By the  use  of these  techniques,  
s imulat ion  of   the  rotor   behavior  is performed. The 
resul ts  of the  s imula t ion  a re  examined i n  c o n t r a s t  t o  
those of the experiments. 
INTRODUCTION 
AS i s  genera l ly  known, a  small-sized  synchronous 
motor with a permanent magnet rotor is widely used as 
an i n d u s t r i a l  timer. In   the   des ign   of   th i s   motor ,  it 
is very  important  to  determine  the  magnetic  f ield 
d i s t r ibu t ion .   In   t h i s   pape r ,   t he   au tho r s  wish to 
report   computations  of  3-dimensional  magnetic  f ield 
d i s t r i b u t i o n  i n  t h e  motor  and  describe  simulation  of 
the   ro tor   behavior .  
Here, the concept of a surface magnetic charge is 
introduced,  and  then the magne t i c   f i e ld   d i s t r ibu t ion  
is computed by usinq the integral  equation method. In  
t h i s  method,  each  curved  surface on which the  charge 
is d i s t r i b u t e d  is d iv ided   i n to  a number of  curved 
surface  elements.  The sur face   charge   d i s t r ibu t ion  i s  
obtained  by  using theequations  fornumerical  
computation;  then,  the  magnetic  f ield  distribution 
and the  rotor   torque  are   determined.   Next ,   the   rotor  
displacement is computed by means of Newmark's 6- 
parameter method. By t h e  u s e  of these  techniques,  we 
were able to  s imula t e  the  ro to r  behav io r .  Las t ly ,  t he  
s imula t ion   r e su l t s  are val idated  through  the 
experiments. 
DESCRIPTION OF THE MATHEMATICAL MODEL 
Analysis of the Magnetic Field 
For  the  purpose  of computing  3-dimensional 
m a g n e t i c   f i e l d   d i s t r i b u t i o n s   i n  a small-sized 
synchronous  motor,  the  concept  of surface  magnetic 
charge i s  introduced. Here, the  polar izat ion  of   the 
magnet ic  mater ia l  in  the 'magnet ic  f ie ld  i s  replaced by 
the magnetic charge distribution on the material-body 
sur face ,  and then   the   in tegra l   equa t ions   for   the  
magnetic charge density+are formed [ll- [4 ]  . 
The f ie lu   vector ,H,   due  to   the  magnet ic   harge 
dens i ty ,a ,  is  descr ibed by the  equation: 
T 
where 2 i s  the  pos i t i on  vec to r  from the source point  
to  t h e   f i e l d   p o i n t , '  S i s  t h e   a r e a  of the   mater ia l -  
body surface and Po i s  the permeabi l i ty  of  f ree  space.  
The f i e l d  v e c t o r , &  , due t o  t h e  permanent  magnet is 
descr ibed by the eWation:  
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where is the  magnetic  charge  density on t h e  
permanent  magnet  surface,sM . The f ie ld   vec tor ,$I  , 
due to  the current-carrying conductors  is described by 
the equation: 
where i is the  vec tor  of t he  cu r ren t  dens i ty  and V is 
the  volume of the  current-carrying  conductors. 
Therefore ,   the   f ie ld   vec tor ,  Zp,  a t  any f i e l d  p o i n t ,  
P, is computed by the following equation. 
3 
The p r i n c i p l e  of f lux   con t inu i ty  i s  appl ied a t  
any  point,C, on the  boundaries   of two magnetic 
mater ia ls .   That  is: 
where pl and U2 are the permeabi l i ty   of   the  
respec t ive  $des of   2he  boundaries  of t !s  magnetic 
mater ia l s ,  Hl and ~2 are t h e   f i e l d  vect+ors of t h e  
respective  sides  of the  boundaries,   and nc is t h e  
normal u n i t   v e c t o r   a t  any  point,C. From (51, t h e  
simultaneous equations for magnetic charge density are 
obtained by: 
r c o l { O k l  = i f 0 1 '  (6) 
where [C,] is the   coef f ic ien t   mat r ix ,  {Okj is t h e  
vector  of  the  magnetic  harge  density,   and {fo) is 
the vector determined by OM and i. 
According t o  t h i s  method,  each  boundary on which 
the  magnetic  harge i s  d i s t r i b u t e d  i s  d i v i d e d   i n t o  
many curved surface elements [l]. 
determined by the following equation [51. 
The c u r r e n t   i n t e n s i t y , I ,   i n   t h e   s t a t o r   c o i l  is 
- dQ, f R I  = V 
d t  
where @ i s  the  quan t i ty  of t h e  i n t e r l i n k e d  flux, R is 
the  value of the re s i s t ance  o f  the s t a t o r  c o i l  and  v 
is the  appl ied  vol taqe.  Also, @ and i 
respect ively,   are   given  by 
( 9 )  
where A is  the   in te r l inkage   a rea  and S, is the   a r ea  
of  the cross  sect ion of t h e  c o i l .  
The difference  expression of (7 )  is obtained  by 
the following equation. 
where A t  i s  the  s tepwidth  in   terms  of  time. We can 
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deduce from (81, (9) and (lo), that the additional 
equation  due to the  current  density, i , is 
Thus,  the  final  simultaneous  equations  for  the 
magnetic  charge  density  and  the  current  density  are 
formed  from ( 6 )  and ( 7 ) .  That  is: 
where 
By solving  these  equations,  the  magnetic  charge  density 
and  the  current  density  are  obtained. -. 
Simulation  of  Rotor  Behavior 
Next,  if T and e represent  the  torque  and  angular 
displacement of the rotor, respectively, the rotor 
torque  equation  can  be  written  as 
where J is the moment of inertia and TF is the 
Coulomb  friction  torque [ 6 ]  . On  the  other  hand,  the 
magnitude  of  T  is  given  by 
T = L M d o M  ~ ~ - t  cis 
+ +  
(14) 
where d is  the  distance  between  $he  calculating  point 
and the rotation axis; and t is the tangential 
unit vector. The magnitude of TIP is determined 
experimentally. When applying Newmark’s &parameter 
method ( B=1/6 1 to (13), the  angular  displacement, 
3t+at , and  the  angular  velocity,  (dB/dt)t+At , are 
described  by  the  equations: 
J 
Therefore,  we  can  predict  by  computation  the  rotor 
behaviour  by  using (131, (14) and (15). 
SIMULATION  PROCEDURE 
Figure 1 shows the procedure for simulating 
rotor  behavior.  In  this  case,  the  inverse  matrix of 
the coefficient matrix is computed in order to 
simplify the computation procedure and therefore 
reduce  the  computation  time.  Thus,  the  simulation  of 
the  rotor  behavior  is  carried  out  by  utilizing  three 
programs: the field computation program, the rotor 
torque  Computation  program  and  the  rotor  displacement 
computation  program. 
I 
I 
I 
I 
I t +  0 t 
Read the geometric and electric 
data  of  the  motor 
I 
I 
Form matrix [C] and compute IC]-’ I 
Read  initial  conditions I 
c 
Compute {f} due  to  the  magnetization 
of permanent  magnet  rotor 
I 
I 
Compute = ~ C I -  E d  
b 1 
I Compute  new  value  of  T 1 
I 
~~ 
Compute  new  values  of 3,  
d8/dt and d28/dt2 
1 
I 
I t f t + A t  1 
I Print  and  store  results I 
Fig. 1. Flow Chart Illustration of 
Simulation  Procedure 
COMPUTATION  RESULTS 
The  small-sized  synchronous  motor  of  Fig.  2  was 
chosen as  a numerical  example.  The  permanent  magnet 
rotor  is  magnetized  as  hown in Fig. 3 .  The 
arrangement of surface  elements is  shown in  Fig. 4. 
In this case, we used curved surface triangular 
elements  and  curved  surface  rectangular  elements [I]. 
The  latter  elements  were used-for cylindric  surfaces 
only.  The  charge  distribution these  elements  can be 
approximated  by  a  linear  formula.  The  number  of  nodes, 
on  which  unknown  values of the  magnetic  charge  density 
are  defined,  is 437. Table 1 shows  the  parameters of 
the  motor.  Figure 5 shows  the  distributions of flux 
density.  Both  computational  and  experimental  results 
of the  rotor  behavior  are  shown  in  Fig. 6 .  in this 
case, the stepwidth, At , is 0.000521 sec. The 
respective  results  proved  to  be  coincident. 
(a)  stator 
STATOR COI'L / ROT'OR \ 
\ STATOR A / STATOR B 
Fig. 2. Cross  Section  of  the  Small-sized 
Synchronous  Motor 
Fig. 3. Permanent  Magnet  Rotor 
Table 1. Parameters of the  Motor 
J 
0.2 OM 
N-m 2.65 x 10-4 TF 
kg-m2 2.31 X 10-8 
R 4.34 x 103 Q 
T 
V 
HZ 60. f 
V 50. 
(b) rotor 
Fig. 4. Arrangement  of  Surface  Elements 
(b) v=50 [VI 
Fig. 5.  Distribution  of Flux Density 
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20 
10 
H 
-10 
-20 
experimental  results 
- - - -  computational  results 
1/60 [secl 
angular  displacement  of  the  rotor 
1/60 [secl 
(c)  current  intensity  of  the  stator  coil 
CONCLUSION 
In this paper, both the computation of 3- 
dimensional  magnetic  field  istribution  and  the 
simulation of rotor behavior were described. The 
simulation  results  provide  adequate  explanation  of  the 
experimental  fact  within  the  limits of this 
investigation.  Due to the  fact  that  we  employed  the 
computer  simulation  method  instead  of  trial 
manufacture, both the labor and material costs of 
design  this  motor  were  remarkably  reduced. 
We  feel  that  this  method  is  practicable  for  the 
designing  of  small-sized  synchronous  motors. 
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